The essential ω-3 and ω-6 fatty acids have important physiological functions, such as prevention of cardiovascular diseases and atherosclerosis, and are commercially sold as fish oil capsules. In the present work, a method previously described in the literature, based on the derivatization of polyunsaturated fatty acids and their gas chromatography-mass spectrometry (GC-MS) analysis in the form of methyl esters, was partially modified and optimized for determination of ω-3 and ω-6 fatty acids in fish oil capsules. In addition, the ω-9 fatty acid oleic acid was also determined with the optimized method, despite the lack of information about its quantities in the acquired products. The method exhibited good linearity and precision, limits of detection and quantification in the ranges from 0.16 to 0.18 mg g -1 and 0.46 to 0.63 mg g -1 , respectively, and recoveries above 76%. The method was applied to analyze ten brands of encapsulated fish oil marketed in Salvador, BA, Brazil. Amongst the results, it was shown that one brand had significantly high amounts of linoleic acid, which indicates a probable adulteration of the product.
Introduction
The benefits of polyunsaturated fatty acids (PUFAs) intake are directly related to prevention and treatment of cardiovascular diseases, 1 reduction of atherosclerosis, improvement of endothelial function, reduction of blood pressure, prevention of the gastrointestinal tract diseases and infections, and inhibition of lesions and immunological changes in athletes, 2 as well as to exhibit anti-inflammatory properties. [3] [4] [5] [6] Polyunsaturated fatty acids include the families of ω-9, ω-6, and ω-3 fatty acids, represented by oleic acid (C18:1, ω-9), linoleic acid (C18:2, ω-6), linolenic acid (C18:3, ω-3), eicosapentaenoic acid (EPA, C20:5, ω-3) and docosahexaenoic acid (DHA, C22:6, ω-3), respectively. 7, 8 The fatty acids ω-3 and ω-6 are essential fatty acids, since they cannot be synthesized by the human organism. 9, 10 Thus, they must be included in an individual's diet and can be obtained through the food intake, especially fish and seafood. On the other hand, ω-9 fatty acids are conditionally essential, since they can be produced by the body from other fatty acids. 11, 12 Oleic acid, which represents the ω-9 family, is present in the triacylglycerols of several edible oils, such as rapeseed, soybean, palm, cotton seed, peanut and sunflower oils, which account together for more than 80% of the world's vegetable oil production. 13 Several health organizations recommend persons to intake polyunsaturated fats, especially ω-3 long-chain polyunsaturated fatty acids, such as EPA and DHA, to help reduce the risk of chronic diseases, such as cardiovascular diseases. 14, 15 Due to this, the demand has increased for foods which are rich in these acids, as well as for dietary supplements rich in PUFAs, particularly with regard to EPA and DHA. 16 Fish oil supplements are produced mainly from sole and salmon type fish, but also from cod liver oil and whale oil, since they contain large amounts of PUFAs, especially EPA and DHA. 17 These supplements are usually found as concentrated capsules in the form of triacylglycerol esters.
Dietary supplementation using fish oil nutritional capsules is a viable alternative for PUFAs intake. Although consumption of PUFAs has associated health benefits, according to the Brazilian Association of Cardiology, 18 the optimal effects for these supplements are directly related to their dosage. Therefore, fatty acids should be consumed in an adequate proportion.
There are different techniques which can be applied in the analysis of fatty acids in oils and fats, such as, for example, nuclear magnetic resonance, 19 infrared spectroscopy 17 and chromatography. Chromatographic methods are widely used in the determination of saturated, mono and polyunsaturated fatty acids, in foods and biological samples. [20] [21] [22] [23] The main advantages presented by them are the fast separation of mixtures containing different types of acids, together with the high sensitivity provided by different types of detectors, such as mass spectrometers.
In this way, studies for determining the polyunsaturated fatty acids in fish oil capsules have been reported, mainly using high performance liquid chromatography (HPLC), 24 liquid chromatography coupled to mass spectrometry (LC-MS), 25 and gas chromatography coupled to mass spectrometry (GC-MS). 6, 14, 20 GC-MS has advantages, such as combining a relatively low cost together with high sensitivities, when compared to the other described techniques, 26 thus making it widely used in the analysis of foods, especially in the determination of volatile organic compounds and qualitative and quantitative determinations of fatty acids, steroids, alcohols, oils and low molecular weight carbohydrates. 27 It is worth mentioning, however, that in order to perform the analysis of fatty acids, it becomes necessary to carry out derivatization procedures, in order to transform them into their respective volatile fatty acid methyl esters (FAMEs).
This work aimed to apply a method, previously described in the literature, 26 which was partially modified and optimized, based on the derivatization of polyunsaturated fatty acids and their GC-MS analysis in the form of methyl esters, in the determination of ω-3 and ω-6 essential fatty acids, with emphasis on EPA and DHA, in fish oil capsules of different brands available on the market in Salvador, Bahia State, Brazil. A comparison was then done between brands, as well as between the values reported by the manufacturers and those found in this work.
The relevance of the theme is justified by the wide variety of brands available on the market, the possible variability of composition between different brands and between batches of a same brand, as well as the possibility of product adulteration by unscrupulous manufacturers.
Experimental

Samples
Fish oil samples, totaling 13 from 10 brands, were obtained from pharmacies or natural products stores in Salvador, Bahia, Brazil, during a period of one year, in 2017. Samples of three brands were purchased in two different periods, to evaluate the variability between batches. The samples, batches, and amounts of fatty acids described on the label of each product are listed in Table 1 .
Materials
Methyl ester standards of cis- 5, 8, 11, 14, 17 eicosapentaenoic acid (EPA) and cis -4,7,10,13,16,19 docosahexaenoic acid (DHA), as well as of FAME mix C 8 -C 24 were purchased from Supelco ® (Sigma-Aldrich, Bellefonte, PA, USA); linoleic acid P.A. and hexane P.A. were available from Aldrich (Bellefonte, PA, USA); HPLC grade methanol and sodium chloride P.A. were from Baker (Phillipsburg, USA); potassium hydroxide P.A. and sulfuric acid P.A. were purchased from Qhemis (São Paulo, Brazil); ultrapure water was obtained from a Barnstead NANOpure Diamond TM purifier. An analytical balance from Satorius, model TE214S, was used to prepare standard solutions and samples.
Standard solutions
Stock solutions at concentrations of 1000 mg L -1 were prepared from methyl esters standards of EPA and DHA, as well as from the FAME mix C 8 -C 24 . From these, solutions at smaller concentrations were obtained to construct the calibration curves and to optimize the method. The concentration ranges used were 1.0 to 10 mg L -1 for the methyl esters of oleic, linoleic and linolenic acids, and 5 to 100 mg L -1 for the methyl esters of EPA and DHA.
Preparation of samples
Sample preparation was based in a previous work available in the literature 26 through derivatization of the polyunsaturated fatty acids, present in fish oil capsules in the form of glycerol esters or free acids. However, the procedure was partially modified and optimized to obtain the best responses for the samples evaluated in this work.
Briefly, a 100 mg sample was taken from the capsules using a microsyringe and added into a 15 mL Falcon tube. Then, 3 mL of a 0.6 mol L -1 solution of potassium hydroxide in methanol was added, followed by stirring for 10 s. The tube was purged with a gentle nitrogen flow, to remove air and prevent oxidation of the compounds, and the solution heated at 70 °C in a water bath for 10 min and shaken twice during this heating.
After the oil droplets have disappeared, 3 mL of a 5% solution of sulfuric acid in methanol was added and the mixture was cooled; the tube was purged again with nitrogen and then heated at 70 °C in a water bath for 5 min. After this, 2 mL of a saturated solution of sodium chloride and 2 mL of hexane were added, the tube shaken, the mixture centrifuged at 4000 rpm for 10 min and the organic phase transferred to a 2 mL vial.
Finally, an aliquot was taken from vial and diluted (50× or 100×) with hexane and then injected (1 μL) into GC-MS for analysis. The whole procedure was performed in triplicate, using three different capsules for each brand analyzed.
Chromatographic conditions
The samples were analyzed using a gas chromatograph (Varian 431-GC) coupled to an ion trap mass spectrometer (Varian 200-MS) with an automatic sampler (Varian CP-8410). The column was a PE-FFAP (nitroterephthalic acid modified polyethylene glycol, PEG bonded) (30 m × 0.32 mm ID × 0.25 μm; PerkinElmer, USA).
The column temperature program was: 100 °C for 2 min, increasing at 5 °C min -1 up to 240 °C and remaining at 240 °C for 8 min, with total running time of 38 min. Helium was used as the carrier gas (0.8 mL min -1 ) and the injector was operated in split mode (20:1) at 240 °C.
The mass spectrometer was operated under the following conditions: trap temperature, 240 °C; manifold temperature, 70 °C; transfer line temperature, 240 °C; ionization energy, 70 eV. The samples were analyzed in the full scan mode (SCAN), with a mass range of 10 to 400 a.m.u.
Results and Discussion
Method optimization
Long chain polyunsaturated fatty acids are present in fish oil capsules as triacylglycerol esters, although small fractions may also be present as free acids. The derivatization procedure aims to transform them into methyl esters, in order to perform the GC-MS analysis.
The procedure used was based in a previous work, 26 with modifications in the original conditions, which were: concentration of KOH solution in methanol, 0.5 mol L -1 ; volume of the KOH solution, 3 mL; heating time, 20 min; temperature, 60 °C; and use of boron trifluoride in methanol as a derivatization agent. Thus, four variables were evaluated: KOH concentration, temperature, heating time and acid (H 2 SO 4 ) concentration. Each of the four variables was tested at three different levels, taking into account the replacement of boron trifluoride by sulfuric acid as catalyst. All experiments were performed in triplicate.
At final, compared to the original procedure, the optimized method of this work had changes in the KOH concentration, reaction temperature and heating time, besides replacement of boron trifluoride by sulfuric acid.
Basic catalysts are very common and widely used in transesterification reactions, since they offer faster reaction processes and more moderate conditions, when compared to acid catalysts. The best reaction condition in this work was obtained with a KOH concentration of 0.6 mol L -1 , slightly higher than in the previous work. 26 The reaction temperature aims to promote the hydrolysis and methylation of the fatty acids, present as triacylglycerols or free fatty acids. The applied temperature affects the product yield; higher temperatures usually lead to better reaction yields. However, much high temperatures may also facilitate undesirable processes, such as degradation and/or evaporation, leading to product losses. 16 In this work, the best condition found for the reaction temperature was 70 °C, higher than in the previous work.
The heating time, as well as the reaction temperature, is a factor which governs the reaction rate and its total yield. The heating time depends on the temperature at which the reaction is carried. In general, the higher the reaction temperature, the lower the total time. In this work, the best condition found for the heating time was 10 min, half of that found in the previous work.
In the presence of methanol, acid catalysts are able not only to transesterify triglycerides and other lipids but also to esterify the free fatty acids. The most common acid catalysts employed for this purpose are BF 3 , H 2 SO 4 and HCl. 28 In this work the acid catalyst employed was sulfuric acid, in replacement to the boron trifluoride. Usually, the reaction yield is directly proportional to the H 2 SO 4 concentration. In this way, the acid concentration was set between 3 and 5%. Amongst the three concentrations evaluated, the best results were obtained with the highest one, namely 5%, corroborating the statement above, while the volume employed was 3 mL.
The results obtained in the optimization experiments, for all the conditions tested, are illustrated in Figure 1 .
Chromatographic analysis
The development of a GC-MS method takes into account the efficiency of the separation and the symmetry of the chromatographic peaks, along with an unequivocal identification of the analytes, thus proving its capacity to discriminate and identify the fatty acid esters.
The developed GC-MS conditions, as previously described in the Experimental section, were used in the analysis of samples and standards. Figure 2 shows chromatograms obtained from standards of methyl esters of oleic, linoleic, linolenic, EPA, and DHA acids, while Figure 3 shows the chromatogram of one real sample. As can be seen from the figures, the chromatograms obtained show good separations amongst the chromatographic peaks of the analytes of interest.
Furthermore, the mass spectra obtained allowed the identification of compounds, through comparison with spectra available in the electronic library of the equipment.
Figures of merit of the optimized method
The calibration curves were obtained with a minimum of 6 and up to 9 concentration levels. Table 2 shows the values obtained for the linearity ranges, the equations of the calibration curves, the determination coefficients (R 2 ) and the limits of detection (LOD) and quantification (LOQ) for the five analytes.
The optimized method showed good linearity for the fatty acids studied, in the range of 1.0 to 10 mg L -1 for oleic, linoleic, and linolenic acids and 5 to 100 mg L -1 for EPA and DHA, both within the range normally found in fish oil capsules. The R 2 values were equal or greater than 0.9925.
The LOD represents the lowest concentration of a given substance which can be detected, but not quantified, using a certain experimental procedure; while the LOQ represents the lowest concentration of a given substance which can be measured using a given experimental procedure. 29, 30 The LOD and LOQ values were determined through the chromatographic analysis of standards at decreasing concentrations, up to the lowest detectable level. LOD and LOQ were then calculated, respectively, as the concentrations corresponding to 3 and 10 times the standard deviation of the peak areas, obtained from 7 measurements of the standard.
In a previous study 26 using GC-MS as the determination technique, limits of detection and quantification were, respectively, 0.08 and 0.15 mg L -1 for EPA and 0.21 and 0.60 mg L -1 for DHA. While for EPA lower limits were obtained, for DHA the LOQ was similar and the LOD slightly higher than those found in this study. In another study, 31 with palmitic, stearic, oleic, linoleic, and linolenic acids, LOD varied between 0.43 and 1.91 mg L -1 , whereas LOQ ranged from 1.29 to 5.10 mg L -1 , higher than those obtained in this work.
In the evaluation of the method precision, the samples were firstly derivatized and then analyzed according to the described experimental procedure. For the intraday precision, three different capsules of the same brand and lot were analyzed on the same day, whereas for interday precision, three different capsules of the same brand and lot were analyzed each day for five consecutive days. Table 3 shows the calculated results for the interday and intraday precisions.
The results for interday and intraday precision ranged, respectively, between 1.57-4.03% and 0.77-6.72%. These values are close to those found in a previous work 32 of FAMEs determination in human plasma, although higher than those found in other case. 26 Nevertheless, they can be considered suitable for determining these analytes in the selected matrix.
The accuracy of the method was assessed through recovery tests. The procedure adopted was to add, in triplicate, a known mass (ca. 2 mg) of a pure linoleic acid standard to 100 mg of fish oil samples, for which the original quantity of this acid had previously been determined. The amount of linoleic acid which was added was nearly equivalent, in average, to the original amount of this acid previously determined in samples.
The sample was then subjected to the derivatization process as described above. The recovery values were then calculated by comparing the total mass of linoleic acid determined in the samples with the expected theoretical mass.
The recovery study was performed only with linoleic acid, since this acid was ready to use in the laboratory in a pure form and in sufficient quantities to carry out the tests, unlike EPA and DHA. Furthermore, as the available EPA and DHA standard solutions were already in the form of esters, they were improper to evaluate recoveries resulting of the whole procedure. Linoleic acid, instead, was used in the form of free fatty acid, permitting to carry out the derivatization procedure and thus evaluate the recoveries in a more complete way. A possible alternative to bypass this problem in future works would be to use reference materials.
The recovery values found in this way ranged from 73 to 85%, with a mean of 77.6%.
Method application
The optimized method was applied in the analysis of ten brands of encapsulated fish oil, from natural products stores or popular pharmacies in Salvador. All samples were analyzed in triplicate. Table 4 shows the results obtained for all the polyunsaturated fatty acids determined, and also compares the values reported by manufacturers for the amounts (mg g -1 ) of EPA and DHA in the capsules, with those found in this study. The ω-6:ω-3 ratios, as well as the calculated sum for the amounts of EPA and DHA, are also included.
The concentration values reported by the manufacturers, for the sum of EPA and DHA, ranged from 191.1 to 550 mg g -1 , with an average value of 287.9 ± 94.4 mg g -1 , while those determined in this study ranged from 160.6 to 360.4 mg g -1 , with an average value of 197.3 ± 50.7 mg g -1 .
The best agreement between the determined and reported values was obtained for sample H, for which the determined result agreed in 96% with the reported value. On the other hand, the lowest (sample B2) agreed only in 55%. In this case (sample B2), the main reason for the discrepancy was the difference between the DHA concentrations, 120.0 and 38.8 mg g -1 , respectively, for the reported and the determined values. On average, the determined quantities had shown a 72% agreement with those reported by manufacturers.
It is important to mention that the main contribution to the differences between the reported and determined amounts in each product was almost always from DHA, which could be due to possible losses in this compound by oxidation processes.
Among the ten acquired brands, three of them (A, B, and C) were analyzed in two different lots. Among these, two (A1 and A2; C1 and C2) have shown good agreement between the results, taking into account the sum of EPA and DHA (A1 = 188.8 mg g -1 and A2 = 174.3 mg g -1 ; C1 = 160.6 mg g -1 and C2 = 170.3 mg g -1 ) with differences of 8 and 6%, respectively, between lots. This suggests that both the production processes and the raw material used maintained good reproducibility between the batches of the brands. For samples A1 and A2 the manufacture dates corresponded to the same month (Nov/2016), while for samples C1 and C2 there was a difference of three months, with sample C1 from October 2016 and sample C2 from January 2017.
On the other hand, brand B varied 14% (B1 = 191.9 mg g -1 and B2 = 165.2 mg g -1 ). This was also the brand that had shown the greatest discrepancy between the reported and calculated concentrations in the sum EPA and DHA.
Although no brand included information on the label about the amounts of oleic, linoleic and linolenic acids that were present in the capsules, these were also determined in this study, with the results presented in Table 4 . The oleic acid was found in a concentration range between 11.6 and 34.4 mg g -1 ; linoleic acid in the range of 12.2 to 37.0 mg g -1 (except for sample J in which the concentration was 157.4 mg g -1 ) and linolenic acid in the concentration range of 0.8 to 4.8 mg g -1 .
A special attention must be given to sample J, as the determined amount of EPA was only 26.9 mg g -1 , or about 14.9% of the informed value, while DHA was not detected. In addition, it contained significantly higher amounts of oleic and, especially, linoleic acid, the amount of which was about nine times higher than the average found in the others. The abnormal behavior of this sample can also be figured out in its extremely high ω-6:ω-3 ratio. These results indicate a probable adulteration of this brand, possibly by the addition of vegetable oils that are rich in these acids, such as soybean oil. Other authors have previously reported this type of adulteration. 33, 34 Despite carried studies which state that the intake of ω-3 polyunsaturated fatty acids has several beneficial effects, 35 literature data points out that western diets are currently deficient in fatty acids of this series, while at the same time they have excessive amounts of fatty acids of the ω-6 series. Studies on ancestral diets revealed a ratio of ω-6:ω-3 of 1:1, whereas currently this ratio tends to be 10:1 or even 20:1 in certain cases. 36 However, the Food and Agriculture Organization of the United Nations (FAO) 35 does not establish specific recommendations for ω-6:ω-3 ratios in diets, provided that the intake of fatty acids of these series is within the recommendations set by that organization. In this way, the FAO's guidance is that for adult men and women, the intake of EPA plus DHA should be in the range of 0.250 g day -1 , without sufficient evidence to set individually a desirable minimum EPA or DHA dose. On the other way, for pregnant or lactating women the minimum dose should be 0.300 g day -1 , with at least 0.200 g day -1 of DHA. 35 The determined amounts for the brands analyzed in this work (Table 4) suggest that, to reach the recommended daily values for the sum of EPA and DHA, adults would need to consume more than 1 g of the encapsulated fish oil, which would be equivalent on average to the daily consumption of two capsules. This agrees with the dosage suggested on the labels of the acquired products. However, taking into account the recommendation of at least 0.200 g day -1 of DHA for pregnant or lactating women, the daily intake should be at least four capsules.
Conclusions
The analytical method optimized in this work was able to identify and quantify oleic, linoleic, linolenic, EPA, and DHA acids, after their derivatization to methyl esters, in samples of encapsulated fish oil marketed in Salvador, at varying concentrations in the range of mg g -1 .
In the analyzed brands, the combined concentrations of EPA and DHA were between 160.6 and 360.4 mg g -1 with an average result of 197.3 ± 50.7 mg g -1 . The best agreement between the manufacturer's reported value on the label and the calculated value was achieved for brand H, with a 96% agreement between values. On the other hand, the lowest was for sample B2, with only 55% of agreement between values, the main reason for this being the difference in DHA values.
According to FAO recommendations, the daily intake of EPA plus DHA for adults should be in the range of 0.250 g, while for pregnant women it should be 0.300 g, of which at least 0.200 g is DHA. For most adults this would be equivalent to about 2 g of the encapsulated fish oil, or an average of two capsules per day.
Finally, it is important to emphasize the importance of analyzing other brands that are available in the market, as well as different batches of a same brand, in view of significant differences found in certain cases between the values on the label and those determined in the analyzes, in addition to one sample in which a probable adulteration was detected.
